The proteins that compose a herpesvirus virion are thought to contain the functional information required for de novo infection, as well as virion assembly and egress. To investigate functional roles of Kaposi's sarcoma-associated herpesvirus (KSHV) virion proteins in viral productive replication and de novo infection, we attempted to identify virion proteins from purified KSHV by a proteomic approach. Extracellular KSHV virions were purified from phorbol-12-tetradecanoate-13-acetate-induced BCBL-1 cells through double-gradient ultracentrifugation, and their component proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Thirty prominent protein bands were excised and subjected to high-performance liquid chromatography ion trap mass spectrometric analysis. This study led to the identification of 24 virionassociated proteins. These include five capsid proteins, eight envelope glycoproteins, six tegument proteins, and five proteins whose locations in the virions have not yet been defined. Putative tegument proteins encoded by open reading frame 21 (ORF21), ORF33, and ORF45 were characterized and found to be resistant to protease digestion when purified virions were treated with trypsin, confirming that they are located within the virion particles. The ORF64-encoded large tegument protein was found to be associated with capsid but sensitive to protease treatment, suggesting its unique structure and array in KSHV virions. In addition, cellular ␤-actin and class II myosin heavy chain type A were found inside KSHV virions and associated with tegument-capsid structure. Identification of KSHV virion proteins makes it possible to study the functional roles of these virion proteins in KSHV replication and pathogenicity.
Kaposi's sarcoma (KS)-associated herpesvirus (KSHV), also known as human herpesvirus 8, is a human DNA tumor virus and the etiological agent of KS. KSHV is also associated with two lymphoproliferative disorders, primary effusion lymphoma and multicentric Castleman's disease (reviewed in reference 21). On the basis of phylogenetic analysis, this virus has been classified as a member of the Gammaherpesvirinae subfamily and the Rhadinovirus genus and is closely related to herpesvirus saimiri of squirrel monkeys and Epstein-Barr virus (EBV) (22) .
As a gammaherpesvirus, KSHV has two modes of infection: latency and lytic replication. In latently infected cells that contain a limited number of viral genomes, no infectious virus is produced. Only a few viral genes are expressed during latency, and these are referred to as latent genes. Latency can be interrupted, and KSHV switches to the lytic life cycle by spontaneous or induced reactivation, which leads to the expression of most or all of the viral genes and production of infectious virion particles (20, 29) . In KS lesions, most of the spindle cells of endothelial origin were found to be latently infected with KSHV and a small percentage of the cells was undergoing spontaneous lytic replication (35, 36, 44) . Increasing evidence suggests that the small percentage of viral lytic replication plays great roles in viral pathogenicity. First, unlike latent infection with most other DNA tumor virus, latent infection with KSHV does not provide the infected cells a growth advantage and latency alone is not sufficient to sustain KS tumorigenesis (13, 41) . Studies have shown that the lytic replication cycle directly contributes to viral tumorigenesis by spreading viruses to target cells and providing paracrine regulation for KS development (9) . Furthermore, a recent study by Grundhoff and Ganem (13) suggested a new role for lytic replication in sustaining the population of latently infected cells that otherwise are quickly lost by segregation of latent viral episomes as spindle cells divide. This observation indicated that KSHV lytic replication and constant primary infection of fresh cells are crucial for viral tumorigenicity and pathogenesis. However, little is known about the late phase of KSHV lytic replication, including virion particle formation and egress. In addition, release of infectious virions will lead to de novo infection of fresh cells but the early events of de novo infection largely remain unknown.
Study of herpesvirus virion proteins will help in understanding the processes and mechanisms of virion particle production and primary infection. A herpesvirus virion contains more than 30 virus-encoded proteins that are assembled into four morphologically distinct components of the virion: the inner nucleoprotein core, which contains the double-stranded viral DNA genome; the icosadelahedral capsid shell, which encloses the viral DNA core; the lipid envelope, which bears various membrane glycoproteins on the surface; and the electrondense material between the capsid and the envelope, which is defined as tegument (reviewed in references 30 and 31) . The nucleocapsid of KSHV has been investigated, and five capsid proteins have been identified. They are open reading frame 25 (ORF25)-encoded major capsid protein (MCP), ORF62-encoded triplex component I (TRI-1), ORF26-encoded TRI-2, ORF65-encoded small capsid protein (also designated small capsomer-interacting protein or SCIP), and the ORF17.5-en-coded scaffolding or assembly protein (SCAF) (24, 43) . Except for SCIP, the capsid proteins are in general conserved in structure and function among all herpesviruses. However, the smallest capsid protein SCIPs have the least sequence homology among herpesvirus family members and have been implicated in virus specificity during infection (24, 39) . Inspection of the sequence of the KSHV genome revealed seven ORFs that encode potential glycoproteins, i.e., ORF8 (gB [glycoprotein B]), ORF K8.1, ORF22 (gH), ORF39 (gM), ORF47 (gL), ORF53 (gN), and ORF68 (25, 33) . gB was found to interact with cellular receptor integrin ␣3␤1 and mediate virus entry through an endocytosis process (2, 3). ORF K8.1 encodes an envelope glycoprotein of two forms, K8.1A of 228 amino acids and K8.1B of 167 amino acids. K8.1A was shown to interact with host cells through binding to heparan sulfate-like moieties (10, 42) . The tegument is a complex and poorly characterized layer of proteins. Some of these tegument proteins are believed to be released into infected cells following entry of the virus into the cells. In this manner, tegument proteins may exert important regulatory function immediately after entry. Some play roles in the KSHV virion assembly, envelopment, or budding process. Thus, it is impossible to fully understand KSHV virion formation and de novo infection without investigating structures and functions of KSHV tegument proteins.
To learn more about KSHV primary infection, virion formation, and egress, we decided to identify protein components that are associated with KSHV virions. Here we report our efforts to purify KSHV virion particles and identify viral proteins that are associated with purified virions by a proteomic approach. This study led to the identification of 24 KSHV virion-associated viral proteins and some cellular proteins. Experiments that confirmed the association of some of these proteins with the virions and their localization in the virions are also presented.
MATERIALS AND METHODS
Purification of KSHV virions. BCBL-1, a latently KSHV-infected primary effusion lymphoma cell line, was maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum. For virus production, BCBL-1 cells (0.5 ϫ 10 6 /ml) were induced with 20 ng of phorbol-12-tetradecanoate-13-acetate (TPA) per ml and 0.5 M ionomycin (Sigma, St. Louis, Mo.) for 5 to 7 days. The medium was collected and cleared by centrifugation at 4,000 ϫ g for 30 min and then at 8,000 ϫ g for 15 min to remove cells and cell debris. The supernatant was filtered through 0.45-m-pore-size filters. Virions were pelleted at 27,000 rpm for 1 h through a 5% sucrose cushion (5 ml) in a Beckman SW28 rotor and resuspended in 1ϫ phosphate-buffered saline (PBS) plus 0.1% bacitracin (Sigma) in 1/100 of the original volume. The concentrated virus particles were centrifuged through a 20 to 35% Nycodenz (Sigma) step gradient at 24,000 rpm for 2 h. The virus band at the gradient junction was collected. The virions were then diluted with 1ϫ PBS and pelleted at 27,000 rpm for 1 h. The pellets were resuspended in 1ϫ PBS and further purified through a 20 to 35% continuous Nycodenz gradient.
Mass spectrometric analysis. Purified virions were resolved on a 3 to 8% Tris-acetate NuPAGE gel and a 12% Bis-Tris NuPAGE gel (Invitrogen, Carlsbad, Calif.) and stained with colloidal Coomassie G-250 (Invitrogen). Prominent protein bands were excised and subjected to trypsin digestion. A portion of the peptide digest was injected onto a nanocapillary reverse-phase high-performance liquid chromatograph coupled to a nanoelectrospray ionization source of an ion trap mass spectrometer (ThermoFinnigan LCQ). Mass spectrometry measures peptide masses and then fragments individual peptides to produce micro-liquid chromatography ion trap mass spectrometry (LC-MS/MS) spectra of fragments that reflect the peptide sequence. The LC-MS/MS spectra were run against a sequence database with the program SEQUEST. Mass spectrometry was carried out in the protein microchemistry mass spectrometry facility at the Wistar Institute. Antibodies and Western blotting. Monoclonal antibody against ORF45 was generated by using baculovirus-synthesized ORF45 as an antigen. Mouse polyclonal antibodies against the ORF11, ORF21 (thymidine kinase [TK]), ORF33, and ORF64 proteins were generated by using bacterially produced recombinant protein as antigens. A rabbit polyclonal antibody to K8.1 was obtained from Jae Jung at the New England Regional Primate Research Center. A rabbit antibody to ORF50 was from Don Ganem at the University of California at San Francisco. An anti-LANA rabbit antibody was from Rolf Renne at Case Western Reserve University. Rabbit antibodies against gB and monoclonal hybridoma supernatant against K8.1A and -B were obtained from Bala Chandran at the University of Kansas Medical Center. A monoclonal antibody against ␤-actin was purchased from Sigma, and a rabbit polyclonal antibody against nonmuscle myosin II heavy chain isoform A was purchased from Covance (Denver, Pa.). Whole-cell extract equivalent to 0.1 ϫ 10 6 to 0.2 ϫ 10 6 cells (ϳ0.5 ml of BCBL-1 culture) and purified virion lysate equivalent to 5 ml of induced BCBL-1 culture medium were resolved on 4 to 12% Bis-Tris NuPAGE gels (Invitrogen) and transferred to Hybond enhanced chemiluminescence nitrocellulose membranes (Amersham, Amersham, United Kingdom). The membranes were blocked in 5% dried milk in 1ϫ PBS plus 0.2% Tween 20 (PBST) and then incubated with diluted primary antibodies for 2 h at room temperature or 4°C overnight. Anti-rabbit or antimouse immunoglobulin G antibody conjugated to horseradish peroxidase (Amersham) was used as the secondary antibody. The enhanced chemiluminescence system (Amersham) was used for detection of antibody-antigen complexes.
Trypsin treatment of purified virions. Purified virions (10 g of total protein) were treated with trypsin (4 g/ml; Promega, Madison, Wis.) in 100 l of buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM CaCl 2 ) at 37°C for 1 h. Trypsin digestions were terminated by adding phenylmethylsulfonyl fluoride (PMSF) to a concentration of 0.5 mM and 1/100 volume of protease inhibitors (Sigma). In parallel, Triton X-100 was added to a final of concentration of 1% to remove the viral envelope and expose the tegumented capsid to the protease. Samples were analyzed by Western blotting.
Detergent treatment of purified virions. Double-gradient-purified virions were treated with 1% Triton X-100 plus 0.5% deoxycholate (DOC) for 30 min at 37°C. The reaction mixture was separated into two fractions, supernatant and pelleted tegument-nucleocapsid, by centrifugation at 100,000 ϫ g for 1 h. Equal amounts of protein from the supernatant and pellet were analyzed by Western blotting.
RESULTS AND DISCUSSION
Purification of extracellular KSHV particles from infected cells. The major hurdle to KSHV virion study was the difficulty in purification of virion particles with both quality and quantity. That was largely due to the lack of a permissive cell system capable of supporting productive replication of the virus. In a recent study on a virion protein encoded by KSHV ORF45, we purified KSHV virion particles from cell culture medium released from TPA-induced BCBL-1 cells. We obtained a small amount of virion particles with satisfactory purity (46) . In the present study, we used the same procedure to purify extracellular KSHV particles for identification of the entire repertoire of KSHV virion proteins. In brief, extracellular KSHV virions were purified from induced BCBL-1 cells through double-gradient ultracentrifugation (see Materials and Methods). The virus purification scheme was monitored by the loss of the precursor to KSHV gB, which is known to be associated with the cell membrane. Only the mature form of this protein was found in virions (1) . Purified virions and BCBL-1 lysates were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to a nitrocellulose membrane, and immunoblotted with anti-gB antibody, as well as control antibodies against various KSHV proteins. As previ- ously reported, gB was initially synthesized as a 110-kDa precursor molecule and then processed to 75-and 54-kDa mature forms that are present in the virion envelope (1, 4) . In our preparation, the 110-kDa precursor was only detected in the induced BCBL-1 cell lysate but not in purified virions. The purified virions contained only mature forms of gB with molecular masses of 75 and 54 kDa, indicating that the purified virions were free of cellular membrane contamination (data not shown, but for a similar image, see Fig. 2F ).
Identification of proteins associated with purified KSHV virions. SDS-PAGE analysis of aliquots of purified virions (4 to 12% Bis-Tris SDS-PAGE, silver staining) revealed 30 to 40 protein bands. We decided to determine the protein identity of each of the prominent bands in the gel by mass spectrometric analysis. To gain better resolution, the virion lysate was resolved on two SDS-PAGE gels for larger and smaller proteins, respectively. A 3 to 8% Tris-acetate gel was used to resolve 50-kDa and larger proteins, and a 12% Bis-Tris gel was used to separate 50-kDa and smaller proteins (Fig. 1) . Both gels were stained with colloidal Coomassie blue G-250. Thirty prominent protein bands were excised from these two gels and subjected to in-gel trypsin digestion. A portion of each peptide digest was injected onto a nanocapillary reverse-phase high-performance liquid chromatograph coupled to a nanoelectrospray ionization source of an ion trap mass spectrometer (ThermoFinnigan LCQ). Mass spectrometry measures peptide masses and then fragments individual peptides to produce LC-MS/MS spectra of fragments that reflect the peptide sequence. The MS/MS spectra were run against a nonredundant database, as well as a customized KSHV database, with the program SEQUEST. Of the 30 protein bands excised from the gels, 26 contained peptides positively identifying proteins encoded by the KSHV genome (Fig. 1) . The protein identities and the sequences of corresponding peptides that were identified by MS/MS are listed in Table 1 . In general, if more than three peptide sequences in a database entry have been matched by MS/MS spectra, the protein identity is considered to be at a high confidence level. However, for some small proteins (especially small glycoproteins), we only found one or two matched peptides. If these peptides were found with good cross-correlation scores (Xcorr Ͼ 2.5) (Ͼ2.5) and spectra, we also included them as putative virion components. By this standard, 24 viral proteins were assigned as putative KSHV virion-associated proteins and listed in Table 2 .
Antibodies against some of the virion proteins were raised and used to examine whether these proteins are indeed associated with purified virions. Proteins from purified virions and BCBL-1 cells were resolved on SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted with these antibodies, as well as control antibodies against various KSHV proteins. The ORF11, ORF21 (TK), ORF33, ORF45, and ORF64 proteins were easily detected in TPA-induced BCBL-1 cells and in the purified virion lysate (Fig. 2, lanes 2 and 3) but not in uninduced BCBL-1 cells (lane 1). KSHV envelope protein gB (Fig. 2F ) was also detected in the virion preparation as expected. In contrast, immediate-early protein RTA/ORF50 (Fig. 2G ) and latent protein LANA (Fig. 2H) were not detected in the virion preparation. Protease sensitivities of KSHV virion-associated proteins. The availability of antibodies against ORF45, ORF21, ORF33, and ORF64, respectively, enabled us to determine whether their proteins are incorporated into the virus particles or nonspecifically adhere to the outside of virions. The purified virions were treated by trypsin digestion in the absence or presence of Triton X-100. If any of these proteins is present within the virion, the protein should be protected from trypsin digestion by the virion envelope but can be degraded when the virion envelope is dissolved by detergent treatment. Contaminating proteins that are nonspecifically copurified with KSHV virions, as well as viral envelope proteins, should be degraded by protease treatment regardless the presence of detergents. To determine the fate of the putative virion proteins in these treatments, trypsin-treated virions were lysed and analyzed by Western blotting. As shown in Fig. 3, ORF21 , ORF33, and ORF45 were resistant to trypsin digestion in the absence of detergent but were degraded only when Triton X-100 was present (Fig. 3, lanes 1 and 2) , suggesting that these three proteins are located within virions. However, as a control, glycoprotein K8.1 was sensitive to trypsin treatment both in the presence (Fig. 3, lanes 2 ) and in the absence (lane 1) of detergent. ORF64 was also found to be sensitive to trypsin digestion, and the protein can be degraded in the presence of trypsin and in the absence of detergent (Fig. 3, lanes 1 and 2) .
Association of tegument proteins ORF21, ORF33, ORF45, and ORF64 with capsid. We asked where the proteins encoded by ORF21, ORF33, ORF45, and ORF64 are located in virions. Purified virions were treated with 1% Triton X-100 plus 0.5% DOC and then subjected to high-speed centrifugation. Both the supernatant and pellet were analyzed by immunoblotting. The ORF21, ORF33, and ORF45 proteins showed similar patterns in that most of them were detected in the pellet with capsid proteins, but small amounts of these proteins were re- leased into the supernatant fraction (Fig. 3 , lanes 5 and 6). As a control, glycoprotein K8.1 was released from the virions into the supernatant after the detergent treatments (Fig. 3, lane 5 ) and was not detected in the pellet (lane 6). These observations suggest that ORF21, ORF33, and ORF45 are neither membrane components nor proteins adhering to the surface of virions. Instead, these three proteins remained associated with the pelleted tegument-capsid structure. However, their association with the viral capsid was breakable by harsher detergent treatment. Increasing evidence suggests that the herpesvirus tegument is an organized structure built through specific protein-protein interaction and associated with the capsid (19, 45) . Thus, ORF21, ORF33, and ORF45 are surely components of the KSHV tegumented capsid. Given that the KSHV nucleocapsid components and structure have been determined and studied (24, 43) and ORF21, ORF33, and ORF45 were not among the nucleocapsid components, we conclude that ORF21, ORF33, and ORF45 are tegument proteins. Anti-ORF64 antibodies, both mouse and rabbit polyclonal, reacted with two species of protein in virions, full-length ORF64 of 290 kDa and a protein of ϳ80 kDa (Fig. 2E) . The 80-kDa protein is likely truncated ORF64 of the C-terminal region because the antibodies that reacted with it were raised with a 400-amino-acid fragment of ORF64 near its C terminus. Full-length ORF64 was associated with the capsid. In contrast, the 80-kDa truncated fragment was not found in the tegumented capsid pellet (Fig. 3) . In addition, the 80-kDa fragment and full-length ORF64 were accessible to digestion when whole virions were treated with trypsin (Fig. 3) . According to these observations, we speculate that ORF64 is a tegument protein that is associated with the capsid at one end (possibly the N terminus) and attached to the envelope at the other end (the C terminus). Capsid proteins. Of the 24 virion proteins that are listed in Table 2 , 5 have been known as KSHV capsid proteins (24) . They include 153-kDa MCP (ORF25), 36-kDa TRI-1 (ORF62), 34-kDa TRI-2 (ORF26), 19-kDa SCIP (ORF65), and 29-kDa SCAF (ORF17.5). All five of these proteins were detected in the bands of their expected molecular masses.
Envelope glycoproteins. The KSHV genome encodes a number of glycoproteins. Some have been experimentally shown to be virion components. They include ORF8 (gB), ORF22 (gH), ORF39 (gM), ORF47 (gL), ORF53 (gN), ORF68, and K8.1A and -B (1, 4, 10, 15, 23, 28, 33) . All seven of these glycoproteins were positively identified in the virions by this mass spectrometric analysis. gH was identified with high confidence in a band of 120 kDa. The molecular mass of the protein was higher than predicted (81 kDa), probably because of glycosylation of the protein. The gB, gM, gL, gN, and ORF68 proteins were identified in bands with the predicted or previously reported molecular masses (1, 15, 23, 33) .
K8.1 expresses multiple glycoproteins ranging from 26 to 72 kDa, representing different degrees of glycosylation. The mature form(s) of K8.1 on virions is a highly glycosylated protein of 68 to 72 kDa (47) . Our mass spectrometric analysis detected only one peptide of K8.1 but in several positions in the gel. Given that K8.1 is a short protein but heavily glycosylated, we think that the failure to detect more peptides of the protein in this mass spectrometric analysis was attributed to the heavy glycosylation and small size of the protein. On the basis of this consideration, together with the fact that K8.1 was detected in the virion envelope by Western blotting (Fig. 3) , K8.1 is included in the list of KSHV virion proteins that were identified in this study (Table 2) .
ORF28 encodes a small protein of 102 amino acids. Its counterpart (or positional homologue) in EBV, BDLF3, is known to encode a glycoprotein, gp150 (16, 26) . Although the sequence homology between ORF28 of KSHV and BDLF3 of EBV is limited (22) , both proteins have a feature of type I membrane proteins as predicted with the PHD prediction program (32) . However, the predicted extracellular domain of KSHV ORF28 is much shorter than that of EBV BDLF3. On the basis of its structural similarity to EBV BDLF3, KSHV ORF28 is listed in the glycoprotein-envelope protein category in Table 2 . The ORF28 analogue of murine gammaherpesvirus 68 was also found to be a virion protein (7) .
Tegument proteins. The tegument lies between the nucleocapsid and the envelope. Little is known about its structure and function. In structure, some believe that the tegument is an amorphous layer of protein (14); others have shown that it is an at least partly ordered structure (45) . In function, some of the tegument proteins are released into infected cells following viral entry and exert important regulatory functions immediately after entry; some play roles in virion assembly, envelopment, and egress. In accordance to the sequence homology with the tegument proteins of other well-characterized herpesviruses, five KSHV ORFs were predicted to encode tegument proteins. They are ORF19, ORF63, ORF64, ORF67, and ORF75 (33) . Three of these assigned tegument proteins, namely, ORF63, ORF64, and ORF75, were identified in this proteomic study. In addition, several other proteins, such as ORF21 (TK), ORF33, and ORF45, were found in the virion and apparently located in the tegument region because they were resistant to trypsin treatment and associated with capsid (Fig. 3) . These putative tegument proteins are listed in Table 2 under the category of tegument proteins. Our analysis did not pick up ORF19-and ORF67-encoded proteins probably because these are either absent in virions or present at a relatively low level so that their protein bands were missed. The ORF64 gene product is the largest protein (290 kDa) encoded by the KSHV genome. ORF64 analogues are found in all subfamilies of Herpesviridae, including alphaherpesviruses (e.g., herpes simplex virus type 1 [HSV-1] UL36) and betaherpesviruses (e.g., cytomegalovirus UL48). The structure and function of the HSV-1 UL36 gene product have been characterized. HSV-1 UL36 was found to be tightly associated with the nucleocapsid via interaction with the VP5 protein (18) . An electron cryomicroscopic study visualized filamentous and convoluted material approximately 200 Å long and 40 Å thick extending from the surface of the pentons of the HSV-1 capsid. This density extends from the interface between the upper domains of adjacent VP5 (major capsid protein) subunits in the penton. It is very likely that the visualized filamentous material was the UL36 protein (45) . HSV-1 UL36 is essential for the HSV-1 life cycle, and at least two functions of UL36 have been demonstrated. (i) UL36 is known to be required for release of the viral DNA genome into the nuclei of host cells during de novo viral infection (6), and (ii) a null mutation of UL36 resulted in accumulation of unenveloped DNA-filled capsids in the cytoplasm, suggesting a role for UL36 in envelopment and maturation of virions (12) . Like its homologues in alphaherpesviruses, KSHV ORF64 is tightly associated with the capsid (Fig. 3) . However, our trypsin treatment assay revealed peculiar behavior of ORF64 in that it could be degraded when intact virion particles were treated with trypsin. We speculate that filamentous ORF64 protein may bind to the capsid with one end and attach to the envelope with the other end. Thus, ORF64 may play a role in positioning the DNAfilled capsid at the cell membrane by interacting with the membrane (or a membrane protein) where virion maturation and egress occur.
ORF75/FGARAT, a protein only seen in gammaherpesviruses, was found in our mass spectrometric analysis. The ORF75 analogues of herpesvirus saimiri and murine gammaherpesvirus 68 have been shown to be virion proteins (7, 8) .
Viral TK in KSHV virions. KSHV-encoded TK (or ORF21) was identified in KSHV virions and likely located in the tegument region. This is the first case in which a herpesvirus TK was found in virions. Some other herpesviruses, such as HSV-1 and EBV, also encode TKs, and some have been intensively studied. No evidence indicates that TK is present in HSV-1 virions. Studies with TK-defective mutant HSV-1 showed that the viral TK is not simply required for HSV infection in vivo but is critical for efficient reactivation of the virus from the latent state in mouse ganglions (11, 17, 38) . HSV-1 TK phos- (34) and murine gammaherpesvirus 68 (7) were reported previously. Several other proteins were also found in purified KSHV virions and are listed in Table 2 as uncategorized virion proteins. They include ORF6, ORF7, ORF11, and ORF27. The localization of these proteins in a virion awaits the development of experimental reagents (such as specific antibodies) and further characterization.
Cellular proteins in KSHV virions. Some cellular proteins were detected in the virion preparation by mass spectrometric analysis (Table 3) . Most of these cellular proteins are abundant species in cells. Although we cannot rule out the possibility that the presence of some of these cellular proteins in the virion preparation was the result of simple contamination with cellular components, we think that it is more likely that these cellular proteins were specifically or nonspecifically packaged into virions. First, the most common contamination source in purified virions is membranous vesicles that cosediment with virions in gradient ultracentrifugation. Our data including elimination of precursors of viral gB and glycoprotein K8.1 in purified virions suggested that the virion preparation used for mass spectrometric analysis can be considered free of cellular membrane contamination (1, 47) . Second, cellular proteins could contaminate virion preparations by simply adhering to the virion exterior. As shown below, we have examined the localization of two virion-associated cellular proteins, namely, nonmuscle ␤-actin and class II myosin heavy chain, in virions by treating purified virions with trypsin and found that both proteins were resistant to trypsin digestion. This result suggests that at least these two cellular proteins are localized within virions rather than adhering to the virion exterior. Third, nonvirion or cellular viral proteins such as the LANA, K8, and ORF50 proteins were not detected in the virion preparation by either Western blotting or mass spectrometry.
Of these virion-associated cellular proteins, two have been further characterized. An actin was identified in a protein band migrating at approximately 43 kDa. Ten tryptic peptides derived from this protein were identified with high levels of confidence (Fig. 4A) . In mammalian cells, six major isoforms of actin were identified. The amino acid sequences of these isoforms are nearly identical, varying primarily within the Nterminal 20 amino residues. They are classified into two groups: muscle and nonmuscle actins. Muscle actins consist of ␣-skeletal, ␣-cardiac, and ␥-smooth muscle actins, which are found mostly in muscle cells, while ␣-smooth muscle actin is found in both muscle and nonmuscle cells. ␤-and ␥-nonmuscle actins are found in a wide variety of nonmuscle cell types (reviewed in reference 27). The alignment of 10 peptide sequences derived by mass spectrometric analysis with human actin sequences showed that the virion-associated actin is either ␤-or ␥-nonmuscle actin. These two isoforms differ only in the first 10 amino acids, and we were not able to distinguish them on the basis of our mass spectrometric data. However, an antibody specific to ␤-actin was found to react with the 43-kDa protein in KSHV virions (Fig. 5) , suggesting that the actin present in KSHV virions is nonmuscle ␤-actin.
Another KSHV-associated cellular protein is nonmuscle myosin heavy polypeptide 9 (also designated class II myosin heavy chain type A). Twenty-seven peptides were identified with high confidence and matched to the 226-kDa myosin (Fig. 4B) .
To examine whether the nonmuscle ␤-actin and myosin were packaged inside the virions or were contaminating components adhering to the virion exterior, the sensitivities of these two proteins to trypsin digestion and detergent treatment were investigated. The results showed that ␤-actin and myosin displayed similar patterns upon trypsin digestion and detergent treatment. Both molecules were resistant to trypsin in the absence of detergent but became accessible to digestion when Triton X-100 was present (Fig. 5, lanes 1 and 2) , suggesting that these two cellular proteins are located within virions. When purified virions were treated with 1% Triton X-100 plus 0.5% DOC and then subjected to high-speed centrifugation, both ␤-actin and myosin were detected in the pellet with capsid and tegument proteins (Fig. 5, lanes 5 and 6) . On the basis of these data, we believe that the ␤-actin and myosin proteins are integral components of the viral tegument.
Actin filamentous structure has been seen in HSV-1 virions in an electron cryomicroscopic study (14) . An unconventional actin was found in human cytomegalovirus virions (5). Although speculative, it is conceivable that actins found in herpesvirus virions are involved in transport of viral particles from the nucleus to the cytoplasmic membrane (5) . Myosins are a superfamily of actin-based motor proteins with a growing number of attributed functions. Nonmuscle myosin II has been shown to physically interact with HSV-1 tegument protein VP22 and play a role in viral egress (40) . The presence of actin and myosin in KSHV virions has led to the suggestion that the myosin-actin cytoskeleton is involved in intracellular capsid transport and assembly and egress of virions.
Nomenclature of KSHV virion-associated proteins. We propose a nomenclature for the proteins contained in KSHV virions. In this nomenclature, KSHV virion proteins are designated by the prefix VP (for virion protein) and numbered in the order of their ORFs in the KSHV genome (Table 2) . For example, the virion protein encoded by ORF45 is named VP45 and the ORF64-specified virion protein is called VP64. Of these virion proteins, five capsid proteins have been named on the basis of their structural roles in the capsid (24) . They are MCP, encoded by ORF25; TRI-1 and TRI-2 (the two putative triplex components), encoded by ORF62 and ORF26, respectively; SCIP, encoded by ORF65; and SCAF, encoded by ORF17.5. We suggest continuing to use the functional names of these capsid proteins (MCP, TRI-1, etc.) as the primary names but including them in the VP nomenclature for integrity of the nomenclature. The nomenclature for glycoproteins appears to be unified among well-characterized herpesviruses, including HSV-1, cytomegalovirus, varicella-zoster virus, and KSHV. Glycoproteins of most herpesviruses, including KSHV, are named in accordance with the nomenclature established for HSV-1 (gB, gM, etc.). This system has been widely used and accepted in the field of herpesvirology. This nomenclature reflects the analogues of glycoproteins in other herpesviruses. Thus, glycoproteins are not included in the VP nomenclature.
